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Mice overexpressing type 1 adenylyl cyclase show 
enhanced spatial memory flexibility in the absence 
of intact synaptic long-term depression 
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There is significant interest in understanding the contribution of intracellular signaling and synaptic substrates to memory 
flexibility, which involves new learning and suppression of obsolete memory. Here, we report that enhancement of Ca 2+ - 
stimulated cAMP signaling by overexpressing type I adenylyl cyclase (AO) facilitated long-term potentiation (LTP) but im- 
paired long-term depression (LTD] at the hippocampal Shaffer colIateral-CAl synapses. However, following the induction of 
LTP, low-frequency stimulation caused comparable synaptic depotentiation in both wild type and AC1 transgenic (ACI TG) 
mice. Although previous studies have suggested the function of LTD in spatial memory flexibility, ACI TG mice showed not 
only better initial learning in the Morris water maze, but also faster acquisition and increased ratio of new memory forma- 
tion to old memory retention during the reversal platform training. In the memory extinction test, which requires suppres- 
sion of old memory without involving the acquisition of the new platform information, ACI TG and wild type mice showed 
comparable performance. Our results demonstrate new functions of Ca 2+ -stimulated AO, and also suggest that certain 
aspects of hippocampus-dependent behavioral flexibility may not require intact LTD. 



Previous studies with animal models have demonstrated impor- 
tant roles of cAMP signaling in regulating synaptic plasticity and 
memory formation (Nguyen and Woo 2003; Abel and Nguyen 
2008). The activation of cAMP-PKA signaling may be mediated 
by the Ca 2+ -stimulated adenylyl cyclases (AC), which respond to 
the activity-dependent rise in intracellular calcium and generate 
cAMP. Among all ACs, type 1 and type 8 AC (ACI and AC8) are 
the major Ca 2+ -stimulated ACs in the brain (Wong et al. 1999). 
Compared to AC8, ACI is neurospecific and has major contribu- 
tion to cAMP production (Wang and Storm 2003) . Genetic deletion 
of ACI causes impairments in hippocampus-dependent spatial 
memory retention and mild defects in long-term potentiation 
(LTP) (Wuetal. 1995). 

In addition to memory retention, suppression of obsolete 
memory and acquisition of new information are critical for behav- 
ioral flexibility and adaptation. Suppression of obsolete memory 
or memory extinction is not a passive process, and usually requires 
activity-dependent neuronal modification (Myers and Davis 
2007). Although the function of cAMP in memory retention has 
been extensively investigated, only a handful of studies implicate 
the role of cAMP signaling in memory flexibility. It has been sug- 
gested that, while PKA activity facilitates fear memory formation, 
it acts as a molecular constraint for fear extinction (Isiegas et al. 
2006). Lowering PKA activity enhances extinction. Supportively, 
overexpression of ACI , which causes elevation in PKA activity, sup- 
presses fear memory extinction (Wang et al. 2004). 

Intriguingly, different mechanisms may be involved in regu- 
lating spatial memory flexibility. Our recent study demonstrates 
that genetic deletion of Ca 2+ -stimulated ACs hampers reversal 
platform learning and the extinction of old spatial memory 
(Zhang et al. 2011). Thus, we hypothesize that enhancing Ca 2+ - 
stimulated AC activity may facilitate certain aspects of behavioral 
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flexibility such as reversal spatial learning. Here, we used AC 1 trans- 
genic (ACI TG) mice that overexpress ACI in the forebrain regions. 
ACI TG mice showed superior performance in both the initial hid- 
den platform and the reversal platform training. Intriguingly, ACI 
TG mice displayed enhanced in vivo long-term potentiation (LTP) 
but impaired long-term depression (LTD). The synaptic depoten- 
tiation was effectively induced by low-frequency stimulation 
(LFS) in ACI TG mice. Our data demonstrate new functions of 
ACI, and also suggest no absolute requirement of intact synaptic 
LTD for memory flexibility. 



Results 

Overexpression of ACI facilitates LTP in vivo 

Previous studies have demonstrated that reduction of cAMP- 
dependent protein kinase activity leads to LTP deficits (Abel et al. 
1997). Furthermore, mice lacking Ca 2+ -stimulated AC show im- 
paired LTP both in vitro and in vivo (Wong et al. 1999; Zhang 
et al. 2011). These results suggest that enhancing Ca 2+ -stimulated 
cAMP signaling may facilitate LTP. Consistent with this possibility, 
our previous work with acute hippocampal slices demonstrated en- 
hanced in vitro LTP in ACI TG mice (Wang et al. 2004). Here, we 
further examined high-frequency stimulation (HFS)-induced LTP 
in vivo with anesthetized mice (2-4 mo of age). At the Schaffer col- 
lateral/CAl synapses, ACI TG and wild type (WT) mice showed 
comparable basal neural transmission, as indicated by the compa- 
rable output field excitatory postsynaptic potential (fEPSP) re- 
sponses to different stimulation intensities (genotype, F {li44) = 
0.4; genotype by intensity, F( 4:176) — 0.2; bothP > 0.5, two-way re- 
peated ANOVA) (Fig. 1A). ACI TG mice also showed normal paired- 
pulse facilitation (genotype, F(i,i9) = 0.1; genotype by paired-pulse 
interval, F i%171) = 0.6; bothP > 0.7) (Fig. IB). Next, we stimulated 
theSchaffer collateral pathway with a single train of HFS (at 100 Hz, 
1-sec duration). To our surprise, ACI TG and WT mice showed 
similar degree of synaptic potentiation (TG, 123.2 + 4.4%; WT, 
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then delivered 900 stimulation pulses 
at 1 Hz. WT and AC1 TG mice showed 
effective and comparable depotentia- 
tion (F (li9) = 0.3, P = 0.6 between WT 
and AC1TG) (Fig. 3). 
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Figure 1. Overexpression of AC1 enhances LTP in vivo without affecting basal transmission and 
paired-pulse facilitation. (A) WT and AC1 TG mice show comparable basal neural transmission. The 
slopes of fEPSP stimulated by different stimulation intensities are plotted. (8) WT and AC1 TG mice 
show similar degree of paired-pulse facilitation, which was examined by comparing the slopes of 
two fEPSPs triggered by pair stimulation with intervals ranging from 20 to 500 msec. (C) WT and 
AC1 TG mice show comparable LTP induced by HFS at 100 Hz. (D) HFS at 50 Hz induces significant 
LTP in AC1 TG but not in WT mice. Representative fEPSPs before (indicated as 1) and 60 min after (in- 
dicated as 2) HFS are shown. 



124.8 + 3.2%; genotype, F ( i,i 0 ) = 0.1; P= 0.8, two-way repeated 
measures ANOVA) (Fig. 1C). 

When we decreased the stimulation frequency to 50 Hz, both 
WT and AC1 TG animals showed robust and comparable post- 
tetanic potentiation (PTP). However, the potentiation in WT de- 
cayed to the baseline level (106.6 ± 2.4%, P > 0.1 when compared 
to the baseline fEPSP value) (Fig. ID) at 60 min after the HFS. In 
contrast, this weaker stimulation protocol induced persistent 
LTP in AC1 TG mice (123.3 + 4.2%) (genotype, _F (li9) = 13.0, P< 
0.01) (Fig. ID). These data suggest that the threshold regulating 
the transition from PTP to the maintenance phase of LTP may 
be reduced in AC1 TG mice. 



AC1 TG mice show defective LTD but effective 
synaptic depotentiation 

In addition to synaptic potentiation, neurons also show activity- 
dependent synaptic depression. Interestingly, reduction of PKA 
activity or Ca 2+ -stimulated AC impairs LTD in vitro and in vivo 
(Qi et al. 1996; Zhang et al. 2011). Here, we found that 900 pulses 
at 1 Hz successfully induced robust in vivo LTD in WT adult mice 
(2-4 mo of age) (83.3 + 4.7%) (Fig. 2). The same low-frequency 
stimulation (LFS) protocol failed to induce measurable LTD in 
AC1 TG mice (100.3 ± 5.4%, F (140 ) = 5.0, P < 0.05 between WT 
and AC1 TG mice) (Fig. 2). 

Different from LTD at naive synapses, depotentiation in- 
volves activity-dependent reversal of the previously potentiated 
synapses. Previous studies have demonstrated that synaptic po- 
tentiation can be reversed by LFS (1-5 Hz) in a time-dependent 
manner (Huang and Hsu 2001). Effective depotentiation only oc- 
curs when LFS is delivered shortly (i.e., within a 3- to 15-min win- 
dow) after LTP induction both in vitro (Huang et al. 1999) and in 
vivo (Staubli and Lynch 1990; Staubli and Scafidi 1999). Here, we 
first induced potentiation by HFS at 100 Hz, waited for 5 min, and 



Overexpression of ACI facilitates 
the flexibility of spatial learning 

The function of LTD, as well as intact 
bidirectional synaptic plasticity, has 
been implicated in regulating both ini- 
tial and reversal spatial learning (Mig- 
aud et al. 1998; Nicholls et al. 2008). 
Having identified impaired hippocam- 
pal LTD in ACI TG mice, we decided 
to investigate its impact on hippocam- 
pus-dependent spatial learning. We 
trained ACI TG and WT mice with the 
Morris water maze (as illustrated in 
Fig. 4A). We first subjected mice to 6 d 
of hidden platform training (one trial/ 
day) and performed a probe test on 
day 7. While WT mice improved gradu- 
ally in escape latency, ACI TG showed 
significant faster acquisition to find 
the hidden platform (f(i,2i) = 17.0, 
P < 0.001 between the two genotypes, 
two-way repeated measures ANOVA) 
(Fig. 4B1). During the probe test, both 
WT (F ( 3, 30) = 19.5, P < 0.0001) and 
ACI TG mice {F a33) = 15.30, P < 
0.0001) showed preference to the target quadrant (WT, 52.0 ± 
5.6%; TG, 50.0 + 4.7%) (Fig. 4B2). There was no significant dif- 
ference between WT and ACI TG mice in the time spent in the 
target quadrant (P — 0.63) (Fig. 4B2) and in the numbers of plat- 
form crossing (P= 0.33) (Fig. 4B3). These data implicate that en- 
hancing ACI activity facilitates the rate of acquisition. 

We next subjected the same animals to reversal platform 
training. As illustrated in Figure 4A, we moved the platform to 
the opposite quadrant. During the reversal training, animals need- 
ed to learn the new platform location and in the meantime sup- 
press the memory for the old platform location. ACI TG mice 
displayed better improvement in escape latency (F(i,2i) = 6.7, 
P = 0.02 between ACI TG and WT mice) (Fig. 4C1). In the second 
(on day 1 4) and third (on day 1 9) probe tests, WT and AC 1 TG mice 
did not show significant difference in the time spent in each quad- 
rant (Fig. 4C2) and number of crossing over the new or the old 
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Figure 2. Mice overexpressing ACI show impaired LTD in vivo. The ex- 
tracellular fEPSP at the Shaffer collateral/CAl synapses was recorded from 
anesthetized animals. LFS (900 pulses at 1 Hz) induces significant synaptic 
depression in WT but not ACI TG mice. 
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Figure 3. Mice overexpressing AC1 show effective synaptic depotentia- 
tion in vivo. The extracellular fEPSP at the Shaffer collateral/CAl synapses 
was recorded from anesthetized animals. LFS (900 pulses at 1 Hz) was de- 
livered 5 min after the HFS (100 Hz for 1 sec). 



platform location (Fig. 4C3). However, AC1 TG but not WT ani- 
mals showed preference to the new target quadrant over the old 
target quadrant (Fig. 4C2). WT mice only spent significantly 
more time in the new target quadrant than in the non-target quad- 
rants (i.e., quadrant 2 and 4) during the third probe test (P — 0.02) 
(Fig. 4C2). Also, AC1 TG (P < 0.05) but no WT (P > 0.05) animals 
showed more preference to the new quadrant in the third probe 
test than in the second probe test. When comparing the numbers 
of platform crossing, only AC1 TG mice showed more crossing over 
the new than the old platform location 
in both probe tests (AC1 TG mice, P = 
0.02 for the second and P= 0.015 for A 
the third test; WT mice: P = 0.59 for 
the second and P= 0.16 for the third 
test) (Fig. 4C3). These data demonstrate 
that overexpression of AC1 enhanced 
spatial memory flexibility by facilitat- 
ing both initial and reversal learning. 

Because WT mice did not show ro- 
bust reversal learning in the one trial/ 
day training paradigm, we next trained 
mice with a more intensive protocol 
(Fig. 5A). Following 2 d of visible plat- 
form training (Fig. 5B), WT and AC1 
TG mice were trained by four trials daily 
for 6 d (from day 3 to day 8) to find the 
hidden platform. The two groups of an- 
imals showed similar improvement in 
escape latency (genotype, P(i,i9j = 0.4, 
P = 0.52; genotype by training day, 



P= 1.0; genotype by training day, F {S9S) = 
0.9, P = 0.5) (Fig. 5B). Although both groups showed preference 
to the new target quadrant, AC1 TG mice displayed higher prefer- 
ence (TG, 54.4 + 5.8%; WT, 40.7 + 4.0%; genotype by quadrant, 
F(3,st) = 3.0, P = 0.03; TG vs. WT in quadrant 3, P<0.05, 
Bonferroni post hoc) (Fig. 5C) and more crossings over the new 
platform location than WT mice (TG, 4.8 ± 0.7; WT, 2.6 + 0.4; ge- 
notype by quadrant, P<i,i9) = 8.1, P = 0.01; TG vs. WTin quadrant 
3, P < 0.01, Bonferroni post hoc) (Fig. 5D). 

AO TG and WT mice show comparable spatial 
memory extinction 

To better examine activity-dependent old memory suppression, 
we performed memory extinction tests. New cohorts of animals 
were first trained by hidden platform protocol (four trials/day 
for 6 d) following the visible platform training (Fig. 6A,B). In 
the first extinction trial, animals were introduced to the maze 
without any platform (this is equivalent to a probe test). Both 
groups showed similar preference to the target quadrant (Fig. 
6C) and crossings over the hidden platform location (Fig. 6D). 
During the subsequent extinction trials, WT and AC1 TG mice 
showed similar suppression of the old memory. The time spent 
in the target quadrant (genotype, f<i,20) = 0.7; genotype by ex- 
tinction trial, F, 
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1.1, both P > 0.4) (Fig. 6C) and platform 
(1,20) = 0.1; genotype by extinction trial, 
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%95) = 1.0, P= 0.43) (Fig. 5B). During 
the probe test performed on day 9, WT 
and AC1 TG mice showed comparable 
preference for the target quadrant (TG, 
56.2 ±5.1%; WT, 47.6 + 5.0%; geno- 
type, f (i,i9) = 3.3, P = 0.08; genotype 
by quadrant, £(3,57) = 1.8, P = 0.3) (Fig. 
5C) and similar crossing number over 
the hidden platform location (P = 0.2) 
(Fig. 5D). 

The same groups of animals were 
then subjected to a four trials/day re- 
versal learning for 6 d (from day 10 to 
day 15) and examined by a probe test 
on day 16 (Fig. 5A). The reversal learn- 
ing as indicated by the improvement 
of escape latency was significant for 
both groups, and not distinguishable 
between WT and AC1 TG mice (geno- 
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Figure 4. Mice overexpressing AC1 show superior initial as well as reversal learning in the Morris 
water maze. (A) Illustration of the Morris water maze training protocol. WT and AC1 TG mice were 
first trained to find the hidden platform (placed in the center of the arbitrarily defined quadrant 1) 
by one trial daily for 6 d, and tested by the first probe test on day 7. Starting from day 8, the same 
animals were subjected to the reversal platform training, during which the platform was moved from 
quadrant 1 to 3 (as illustrated). Animals were trained by one trial daily for 6 d (from day 8 to day 
13), tested by the second probe test on day 14, further trained by one trial daily for another 4 d 
(i.e., from day 15 to day 18), and tested by the third probe test on day 19. Animals' performance in 
escape latency (87, CI), percentage of time spent in each quadrant (B2,C2), and number of crossings 
over the target platform iocation (B3,C3) during the hidden platform (87-63) and the reversal platform 
(C7-C3) training are expressed as average + SEM. (*) P< 0.05; (ns) not significant. 
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Figure S. AC1 TC mice show stronger new memory formation than WT mice. (A) Morris water maze 
training protocol. (8) Improvement of escape latency during the visible platform, hidden platform, and 
reversal platform training. (C) Percentage of time spent in each quadrant during the first probe test 
(after hidden platform training) and the second probe test (after the reversal platform training). (D) 
Number of crossing over the target platform location during the first and the second probe tests. As 
indicated by the filled circle, the platform location was in quadrant 1 during the hidden platform train- 
ing, and in quadrant 3 during the reversal training. (*) P< 0.05; (ns) not significant. 
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Discussion 

Regulation of LTP by the cAMP-PKA cascade has been demonstrat- 
ed by numerous studies (Nguyen and Woo 2003). Previous reports 
also show that genetic deletion of Ca 2+ -stimulated ACs impairs cer- 
tain forms of LTP both in vitro and in vivo (Wong et al. 1999; Zhang 
et al. 2011). The data from this study is, in general, consistent with 
the conclusion that enhancing AC 1 facil- 
itates LTP (Wang et al. 2004). Our previ- 
ous study showed that HFS at 100 Hz 
resulted in higher LTP in hippocampal 
slices from AC1 TG mice. However, 
100-Hz HFS induced comparable in 
vivo LTP in AC1 TG and WT mice. This 
may be mainly attributed to the intrin- 
sic feature of in vivo recording, which 
does not involve significant disruption 
of the intact network and circuitry. 
The magnitude of in vivo LTP is general- 
ly smaller and a certain degree of satura- 
tion in synaptic potentiation may be 
reached after the 100-Hz HFS. The data 
from this study suggest a novel func- 
tion of AC1 in facilitating the transition 
from PTP to LTP. As shown in Figure 
ID, lowering the stimulation frequency 
from 100 to 50 Hz induced robust PTP 
in both WT and AC1 TG mice. How- 
ever, while the potentiation decayed 



in WT mice, long-lasting potentiation 
was maintained in AC1 TG animals. 

Garelick et al. (2009) have reported 
that young adult AC1 TG and WT mice 
show comparable spatial learning and 
memory retention. In their study, spa- 
tial learning was examined by the per- 
formance in a Barnes maze, during 
which animals were trained by four tri- 
als daily for 6 d. Similarly, we also found 
no difference between AC1 TG and WT 
mice when they were trained by the 
four trials/day water maze protocol. 
However, when trained by the one tri- 
al/day protocol, AC1 TG mice showed 
enhanced spatial learning. Such train- 
ing/ stimulation-dependent difference 
is also reflected in LTP. AC TG mice 
showed higher LTP than WT mice fol- 
lowing 50-Hz but not 100 Hz-HFS. 

In addition to LTP, cAMP and PKA 
also contribute to bidirectional regula- 
tion of synaptic plasticity. Decreasing 
Ca 2+ -stimulated AC or PKA activity im- 
pairs both LTD and depotentiation 
(Brandon et al. 1995; Qi et al. 1996; 
Zhang et al. 2011; but also see Malleret 
et al. 2010). To our knowledge, this 
study is the first to demonstrate that in- 
creasing Ca 2+ -stimulated cAMP causes 
selective deficits in LTD but not depo- 
tentiation. The differential requirement 
of cAMP in LTD and depotentiation im- 
plicates different mechanisms involved in activity-dependent 
weakening of naive synapses vs. previously potentiated synapses. 
Such possibility is supported by previous findings showing that 
induction of LTD and depotentiation leads to different changes 
of GluRl phosphorylation at distinct serine residuals (Lee et 
al. 1998, 2000). The enhancement of LTP and defective LTD in 
AC1 TG mice is consistent with previous studies showing that 
cAMP-enhancing neuromodulators promote LTP but suppress 
LTD (Hu et al. 2007; Huang et al. 2012). 

Although the contribution of cAMP and PKA to memory re- 
tention has been extensively studied, their role in relearning and 
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Figure 6. AC 1 TG mice show effective and comparable spatial memory extinction to that of WT 
animals. (A) Water maze training and extinction protocol. After 6 d of hidden platform training (S), 
animals were subject to the pool without the platform four times a day for 2 d. The time that 
animals spent in the target quadrant (C) and the number of crossing over the target platform location 
(D) were recorded. 
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memory extinction is largely unclear. Several investigations have 
demonstrated that increasing cAMP impairs fear memory extinc- 
tion (Wang et al. 2004; Monti et al. 2006). Intriguingly, the extinc- 
tion mechanisms appear to be different between fear memory and 
spatial memory. While decreasing PKA activity facilitates fear 
memory extinction (Isiegas et al. 2006), deletion of Ca 2+ -stimulat- 
ed AC impairs reversal learning and memory extinction in the 
Morris water maze (Zhang et al. 2011). This study, for the first 
time, demonstrates that enhancing Ca 2+ -stimulated AC activity 
facilitates both initial and reversal spatial learning. 

It is surprising that AC1 TG mice showed better memory flex- 
ibility but impaired LTD, which has been suggested as a possible 
synaptic substrate for reversal spatial learning and old memory 
suppression. Normal new memory formation and less suppression 
of the old memory after reversal training have been observed in a 
transgenic model that shows normal LTP and depotentiation but 
defective LTD (Nicholls et al. 2008). A study with D-serine, which 
facilitates LTD without affecting LTP and depotentiation, has re- 
vealed a slightly different outcome. During the probe test follow- 
ing reversal trainings, animals receiving D-serine showed stronger 
new memory formation but normal suppression of old memory 
(Duffy et al. 2008). Because another study found that D-serine 
also modulates LTP (Panatier et al. 2006), it is not clear whether 
the in vivo dose of D-serine selectively affects LTD but not LTP 
or depotentiation in free-moving animals. In our previous study, 
we found that mice lacking Ca 2+ -stimulated AC had better old 
spatial memory retention after both reversal and extinction train- 
ing. However, we could not determine the functional relevance of 
LTD and depotentiation, because both of them were impaired in 
the AC mutant mice (Zhang et al. 2011). In this study, our data 
demonstrate that effective spatial memory extinction and reversal 
learning may not require intact LTD. 

How could AC1 TG mice achieve superior reversal learning 
and normal extinction in the absence of intact LTD? Previous stud- 
ies have implicated the involvement of synaptic depotentiation. 
Similar to extinction, which involves activity-dependent weaken- 
ing of the previously formed memory, depotentiation requires 
activity-dependent weakening of the previously established poten- 
tiation. There are some implications for the function of depotentia- 
tion in amygdala and fear memory extinction. Kim et al. (2007) 
showed that synaptic depression could only be induced in amygda- 
la slices obtained from trained but not naive animals. Such synap- 
tic depression was referred to as depotentiation, because it was 
postulated that the synapses from the trained animal had already 
been potentiated. Strikingly, slices obtained after memory extinc- 
tion did not show synaptic depression (Kim et al. 2007). Another 
study demonstrated that delivering LFS to the amygdala of trained 
animals decreases fear memory (Lin et al. 2003). Moreover, post- 
training infusion of the PKM£ inhibitor ZIP, which selectively caus- 
es depotentiation but not LTD (Serrano et al. 2005), to dorsal hip- 
pocampus disrupts the consolidated spatial memory (Serrano 
et al. 2008). Interestingly, defective reversal learning is very often 
associated with schizophrenia, and selective depotentiation de- 
fects have been reported in both the neurodevelopmental and 
genetic models of schizophrenia (Sanderson et al. 2012; Shamir 
et al. 2012). 

One possible explanation for the enhanced behavioral flexi- 
bility in AC1 TG mice is that the balance of LTP and synaptic depo- 
tentiation contributes to effective reversal learning. While LTP at 
naive synapses may be related to the learning of new platform 
location, depotentiation at the experienced synapses may be re- 
quired for old memory suppression. Thus, enhanced LTP and nor- 
mal depotentiation in AC1 TG mice correlate with the higher ratio 
of new memory to old memory. Such possibility is also implicated 
by the poor reversal learning in mice with enhanced LTP and 
defective depotentiation (Errico et al. 2008). One complication is 



that effective depotentiation only occurs when electric stim- 
ulations (i.e., LFS) are delivered shortly after the onset of LTP 
(Huang et al. 1999; Staubli and Scafidi 1999). Consolidated synap- 
tic potentiation is resistant to LFS (Huang and Hsu 2001). The re- 
versal learning and extinction measurement in this study were 
examined a long time (at least more than 24 h) after the consolida- 
tion of the old memory. Future studies should investigate whether 
behavioral stimuli such as reversal learning and extinction can ef- 
fectively reverse the consolidated synaptic potentiation. 

Materials and Methods 
Animals 

The expression of AC1 transgene is driven by a-CaMK II promoter 
(Wang et al. 2004). The AC1 TG mice have been bred into C57BL/ 
6 background for more than 12 generations. Animals had free ac- 
cess to food and water, and were kept in the 12-h:12-h light/dark 
condition. Animal behavior and electrophysiology experiments 
were performed between ZT 3 to 8. For both behavioral and elec- 
trophysiological experiments in this study, we used 2- to 4-mo-old 
male mice. All manipulations were in compliance with the guide- 
lines and approved by the Institutional Animal Care and Use 
Committee at Michigan State University. 

Morris water maze task 

Animal activities were measured by a video-based tracking system 
(WaterMaze; Coulbourn Instruments). The training apparatus was 
a 125-cm-diameter pool. The water surface was covered with white 
polypropylene beads (generous gifts from local Quality Dairy bot- 
tling facility). A platform (10 cm in diameter) was placed 1 cm be- 
low the water surface. Three water maze protocols were used to 
examine spatial memory. For the first protocol (as illustrated in 
Fig. 4A), mice were trained by one trial daily for 6 d to find the hid- 
den platform, and examined by a probe test on day 7. On day 8, we 
moved the hidden platform to the opposite quadrant and started 
reversal training. Mice were trained by one trial daily for 6 d to find 
the new platform position. On day 14, mice were examined by a 
probe test (the second probe test). Then, the mice were further 
trained by one trial daily for four additional days (from day 15 
to day 18). The third probe test was performed on day 19. 

For the second protocol (as illustrated in Fig. 5A), animals 
were trained by four trials every day for 2 d to find the visible plat- 
form, during which the platform was marked with a flag. The vis- 
ible platform was randomly placed at different locations in each 
trial. Then, the animals were trained with four trials every day 
for 6 d (from day 3 to day 8) to find the hidden platform followed 
by a probe test on day 9. From day 10 to day 15, animals were 
trained by four trials every day for 6 d to find the reversal hidden 
platform location. A second probe test was performed on day 16. 

For the third protocol (as illustrated in Fig. 6A), animals were 
trained to find the visible (four trials/day for 2 d) and hidden (four 
trials/day for 6 d) platform, after which animals were subjected to 
extinction training. The animals were subj ected to eight probe tests 
(four tests/day with 30-min intervals for 2 d). In each hidden plat- 
form trial, mice were allowed to stay on the platform for 30 sec after 
they found the platform. If mice were not able to find the platform 
within 90 sec, they were manually guided to the platform. For pro- 
tocols 2 and 3, the interval between trials was 30 min. During the 
probe tests, the platform was removed from the pool. Mice were al- 
lowed to search the maze for 60 sec. The time that animals spent in 
each of the four quadrants, as well as the number of crossings over 
the hidden platform location, was recorded. 

In vivo field potential recordings at the CAI synapses 

Mice were deeply anesthetized by pentobarbital (at 100 mg/kg, i.p. 
administration), and mounted to a stereotaxic frame (David Kopf 
Instruments). The body temperature was monitored by an anal 
probe, and maintained at 37°C by a heating pad connected 
to the Physitemp Controller. Medical oxygen was continuously 
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supplied to the mouse snout during the whole recording proce- 
dure. Recording and stimulating electrodes were made of a pair of 
Teflon-coated wires with 1 00- u,m outer diameter (WPI Inc.). The re- 
cording electrode was placed in the striatum radiatum of hippo- 
campal CA1 subarea (AP 1.7-1.9 mm, ML 1.2 mm, and DV 1.5- 
1.9 mm from skull surface), and the stimulating electrode was 
placed at the ipsilateral Schaffer/collateral fibers (AP 1.7-1.9 
mm, ML 1.7 mm, and DV 1.6-2.0 mm from skull surface). The 
placements of the electrodes were slowly adjusted to obtain opti- 
mal amplitude of the field excitatory postsynaptic potential 
(fEPSP) according to electrophysiological criteria (Sakata et al. 
2000; Wang et al. 2009) and stereotaxic coordinates. Stimulating 
pulses (0.10-msec duration) with current intensities of 25-300 
uA were applied to obtain the input-output curve. An intensity 
that evoked half of the maximum response was delivered at 0.033 
Hz and used to obtain the baseline field potentials. Signals were am- 
plified and recorded by a Powerlab System (AD Instruments). 



Induction of LTP and LTD, and depotentiation 
at the CA1 synapses 

After the baseline fEPSP was stabilized for at least 30 min, one train 
of high-frequency stimulation (HFS, 100 pulses at 50 or 100 Hz) 
was delivered to induce LTP. As described in our previous study 
(Zhang et al. 201 1), LTD was induced by 900 pulses of stimulation 
at 1 Hz. To examine synaptic depotentiation, potentiation was 
first induced by HFS (100 Hz, 1 sec). Five minutes later, LFS (900 
pulses at 1 Hz) was delivered. 

Data analysis 

All data are reported as average + SEM. Two-way repeated ANOVA 
and post-ANOVA Tukey multiple comparison tests were used. 
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